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SUMMARY
This thesis investigates the synthesis of colloidal silica 
dispersions in order to verify existing results, to expand them 
to new regions of phase space, to investigate temperature 
effects, and to use the data to develop a correlation relating 
the average particle diameter to the initial reactant 
concentrations.
The system studied involves three reagents, tetraethyl- 
orthosilicate (TEOS), ammonia, and water in an ethanol solvent 
medium. Three TEOS concentrations were studied .17, .3, and .5 
M. At each TEOS concentration, runs were made from 1 to 14 M 
H2O at four ammonia concentrations .5, 1, 2, and 3 M.
The sizes of the particles reached a maximum within both the 
water and the ammonia ranges investigated. The behavior of TEOS 
was more specific to the concentration region and showed no 
universal size trends. Temperature studies indicated a decrease 
in particle size with increasing temperature. Finally, a cor­
relation was derived which predicted the data to within 20% of 
the experimental value.
UilRQDUCTIQM
Developing a reliable, reproducible method of creating 
monodisperse colloidal dispersions is important in both the 
scientific study and commercial processing of ceramic powders. 
These dispersions are important scientifically because they are 
uniform and thus can be used to test theoretical models of 
colloid behavior. Monodisperae particles also make good standards 
for use in calibrating analytical instruments. Monodisperse 
colloidal suspensions have great promise commercially for several 
reasons.1 First, because they can be well characterized, 
processes used to produce these particles can be more easily 
scaled up. Also, the narrow size distribution facilitates 
characterization and study of the dispersions making the design 
of process control devices possible. Finally, since the 
stability of dispersions against flocculation is quite sensitive 
to the colloid size distribution , monodisperse colloids are the 
most easily handled.1
Because of the many advantages of a monodisperse system, it 
is scientifically and economically imperative that such systems 
be investigated so that monodisperse particles of a predictable 
size can be synthesized reproducibly. In the study described 
here, monodisperse silica particles were synthesized using the 
method developed by Stober, Fink, and Bohn 2 and confirmed by Van 
Helden, Jansen, and Vrij.* The goal of this project is to verify 
the results obtained in these two studies, to expand them to new 
regions of phase space, to investigate temperature effects, and 
to use the data to produce a correlation relating the expected
I .
average particle diameter to the initial reactant concentrations.
\\ i
XSURVEY OF LITERATURE
Some previous work has been done to learn about both the 
chemical reaction involved in producing the silica dispersion and 
the nature of this colloidal system. The silica dispersion was 
produced by reacting ammonia and water with tetraethylortho- 
silicate (TE0S).2 Two specific reactions occur to produce the 
opalescent, milky product.* During the first reaction, the TEOS 
is hydrolyzed to silicic acid. This species undergoes a 
condensation polymerization reaction in which silicic acid 
molecules at supersaturated levels combine and eliminate water to 
produce the colloid. Ammonia acts as a morphological catalyst by 
reacting with the silicic acid to produce its conjugate base. The 
resulting negative charge on the silica species creates a stable 
colloid due to electrostatic repulsion between the particles. 
The condensation of silica from supersaturated silicic acid 
solutions has been found to be very dependent on pH and the 
initial silicic acid concentration. In fact, Makrides, Turner, 
and Slaughter showed that an increase of one pH unit results in a 
ten-fold increase in the rate of the condensation reaction.5 
Though the temperature effects are less firmly established, 
Makrides showed that the condensation was independent of 
temperature since the increasing rate with temperature was 
counteracted by decreased supersaturation.5 A lower degree of 
supersaturation caused a decrease in the particle nucleation rate 
so fewer particles were formed.
Several important trends have been observed from experiments 
by Stober, Fink, and Bohn and Van Helden, Jansen and Vrij on the
TEOS system discussed in this report.3 Tests have shown that the 
average particle size depends on the concentrations of water and 
ammonia in the reaction mixture . At a TE08 concentration of .28 
M, the size range obtained was between 50-900 nm for ammonia 
concentrations up to 8 M and water concentrations up to 15 H. Van 
Helden reported that, for a TEOS concentration of .17 M, ammonia 
concentrations of up to 4 M, and water concentrations up to 3 M, 
the size range was between 20 and 300 nm. He also stated that 
the particle composition was 91.5% silicon, 5.25% water, and .97% 
carbon. Stober proposed that the monodispersity of this system 
was due to the presence of ammonia because, in the absense of 
ammonia, the silica flocculated in irregularly shaped particles 
rather than in the usual spherical particles. With ammonia 
present, however, the spherical particles were so uniform that 
only 5% of them differed from the median size by more than 8%.3
To explain these results two models of particle growth have 
been proposed. The classical model is that of deposition growth. 
In this model, silica is postulated to deposit on the surface of 
nuclei that form. Monodispersity is achieved because all 
particles nucleate in a small period of time and afterwards grow 
at the same rate. According to the coagulative growth model 
however, nuclei are colloidally unstable so they tend to 
coagulate until they reach a stable size. Monodispersity stems 
from the surface chemiscry of the particle which establishes the 
smallest stable colloid. The particles grow quickly until they 
reach this stable size after which the growth rate decreases 
dramatically. Currently, there is little experimental evidence to 
support either model. The present study was undertaken to
explore the effects of initial reagent concentrations on particle 
size and monodispersity, and thus provide a data set with which 
growth models can be tested.
To produce these silica particles, Stober, Fink and Bohn 
used the following recipe. Technical grade TEOS was distilled 
before use. Anhydrous ammonia from a tank was passed through a 
drying column filled with sodium hydroxide pellets and then 
bubbled through ethanol at 0*C until a concentration of 5 M NH3 
was reached. Ammonium hydroxide was used as supplied at a 
concentration of 14.2 M. Before each run, absolute ethanol, 
ammonia, and water were mixed in Erlenmeyer flasks with stoppers 
or in rubber sealed injection bottles in the desired 
concentrations of ammonia and water. Actual ammonia 
concentrations were measured by withdrawing small samples and 
titrating with 1 M hydrochloric acid. The total water 
concentration was calculated by adding fractional amounts of 
water introduced by the components. Finally, the TEOS was added 
and the flasks were mounted either on a shaker or in a water bath 
under ultrasonic vibration. Some tests were made using a 
magnetic stirrer as the agitator. All methods of agitation were 
effective. The total amount of solution added differed from 50 to 
110 ml. Condensation was observed to start in 10 minutes, but 
the reaction was allowed to proceed another 110 minutes before 
the electron microscope grids were taken. These Formvar coated 
grids were dipped in the solutions and put on filter paper to 
remove excess solution. Sisea of random particle samples of 100 
to 1000 in number on each micrograph, taken with a Zeiss EM9 or 
Phillips IM10QB electron microscope, were counted with a Zeiss
TGZ3 particle analyzer.
Van Helden, Jansen, and Vrij followed this same recipe with 
only a few differences. First-, they distilled both TEOS and 
absolute ethanol. The grids used were covered with carbon 
coated Parlodion films. Also, the glassware was cleaned with 2% 
hydrogen fluoride followed by distilled water and absoluted 
ethanol. The reaction was stirred for 18 hours at ambient 
temperature. At this lower TEOS concentration, the opalescence 
of each solution became noticeable starting at . 5~2 hours after
adding the TEOS. No change in opalescence was noticed after 10
hours. Finally the total volume of solution prepared varied
between .2 and 3 1.
TE m ^ m n A L - E R Q Q K D m E
In this study, the methods of Stober and Van Helden were 
closely followed. Before each run, the reagents were properly 
prepared for use. Reagent grade TEOS (Fisher Co.) was distilled 
170 ml at a time under a vacuum of 28 inches of mercury at a 
temperature of 98°C. This required approximately 1.5 hours. The 
first and last 10 ml of distillate were discarded leaving 150 ml 
of pure TEOS after the simple distillation was complete. Two 
types of ammonia solutions were used. An ammonia in ethanol 
solution was prepared for low water concentration systems and 
ammonium hydroxide was used at high ammonia and water con­
centrations. The ammonia in ethanol solution was prepared by 
bubbling anhydrous ammonia gas from a tank through a phosphorous 
pentoxide drying column into the absolute ethanol (U.S. Indus­
trial Chemicals Co.) for about 15 minutes at 25#C to insure 
saturation. Concentrations of 2.9-3.1 M were obtained using a 
special titration procedure in which 5 ml of the ammonia solution 
was dissolved in 100 ml of deionized water to reduce the rate at 
which ammonia would escape from the solution during the 
titration. Methyl red was used as the indicator and 1 M HC1 was 
the titrant. Ammonium hydroxide (Baker Co.) was used as supplied 
at a concentration of about 14.0 M. Deionized water was also 
used.
Before each run, the glass and plastic ware was cleaned as 
Van Helden suggested. First, the dirty items were rinsed with a 
2% hydrofluoric acid solution to etch away silica residues. Then 
the items were rinsed with soapy water followed by distilled
water. A final rinse with ethanol was done to insure no residual
water remained in the clean item and to allow for more rapid 
drying.
After the glassware was cleaned and dried, the solutions 
were prepared. First, the appropriate amount of each reagent was 
calculated according to the method outlined in Appendix A. The 
calculated amount of the solvent ethanol was first pipetted into 
each reaction flask. This was followed by adding the water and 
then the ammonia after which the flask was quickly sealed to 
minimized the escape of ammonia. The initial ammonia 
concentration was determined by titration with 1 M HC1. Slow 
stirring of the solutions was begun to mix the reagents. Finally, 
the TEOS was added. The total volume of the solutions ranged 
between 69-105 ml. All reactions were run in a water bath at 
constant temperature. For runs not at room temperature (25# C), 
all reagents were cooled or heated to the desired temperature 
before mixing.
Two types of flasks and stirrers were used during the course 
of the experiments. For the .17 M TEOS run, 250 ml three-neck 
glass round bottom flasks were used and stirring was done using 
an electrically driven half-moon propeller .25 in. from the 
bottom of the flask. For the rest of the experiments, Nalgene 
polyethylene bottles were used. Magnetic stirrers were placed in 
each bottle and each bottle was placed in a water bath 
constructed on a six head magnetic stirring apparatus. There 
were no differences in the particles synthesised in the different 
bottles. Stirring was performed at a slow speed (100-150 rpm) 
large enough to insure mixing but not too large to cause
1.
shear-induced flocculation. Solutions were stirred for 20 hours 
to insure the reaction was complete but the first opalescence 
appeared in the solutions between 30 sec. and 30 min.
After ceasing the stirring, a copper grid was dipped into 
each solution to obtain a sample. Excess solution was removed by 
placing the grid on filter paper. These grids were coated with 
both Formvar and carbon before being used to take samples. 
Electron micrographs of each sample were then made. The 
magnification of each electron micrograph was determined by using 
a calibration grid with 2160 lines/mm. Most of the negatives were 
photographed at 17,000 and 60,000 times creating a magnification 
of between 45,000 and 150,000 times after the negatives were 
printed.
The particle average diameters were obtained directly from 
the calibrated photographs. The diameters of thirty particles, 
or as many as possible if there were not thirty in a photo, were 
measured for each sample using a vernier caliper. The sises were 
then averaged to obtain a mean particle diameter and the standard 
deviation was oalculated. For particles that were not spherical, 
a major and a minor axis was measured and the two were averaged 
to obtain a particle diameter. For bimodal samples, the two sises 
were measured and averaged separately. Only the most numerous 
sise was used in the the graphs, though.
Finally, silica mass fractions were taken for many of the 
samples. This was done simply by weighing an empty glass 
weighing bottle before and after adding the solution. After 
leaving the sample dry in an oven at 75*C for twenty four hours, 
the bottle was again weighed. The bottles were handled with
lo.
gloves. The mass of silica in the sample was obtained by 
difference.
n.
RESULTS
Size Variation with Reagent Concentration
Silica particles were synthesized and their average dia­
meters calculated over a wide range of phase space at 25 • C 
Three TEOS concentrations were investigated .17, .3, and .5 M. 
(Appendix B) At each TEOS concentration, ammonia concentrations 
of .5, 1, 2, and 3 M were examined. Finally, at each ammonia
concentration, the water concentration was varied. The range of 
water concentrations that could be tes ed depended heavily on the 
TEOS and ammonia concentrations used. Since the stoichiometry of 
the hydrolysis reaction of TEOS requires four moles of water for 
each mole of TEOS, the smallest possible water concentration must 
be four times the TEOS concentration to obtain distinct particles 
(Figures 1,2). Also, low concentrations of water were impossible 
to obtain at the high ammonia concentrations because the water
content of the required amount of ammonium hydroxide was already
/
higher than the desired water concentration of the test solution. 
As a result, at .17 M TEOS, the water concentration varied from 
1-14 M at .5 M NHt to 5-14 M at 3 M NH». At .3 M and .5 M TEOS, 
2 M HaO was the lowest water concentration used.
The diameters of the particles synthesized over this region 
of phase space varied significantly. The smallest particle had a 
diameter of 13.6 nm while the largest had a diameter of 777nm. 
Standard deviations in the sizes measured were small overall and 
decreased with increasing size. These standard deviations were 
smaller than those Van Helden reported (Figure 3).
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Several important size trends were observed. First, as the 
water concentration increased to 14 M, the size went through a 
maximum (Figures 4-10). This same trend was observed by Stober, 
Fink, and Bohn at .28 M TEOS. At .17 M the maximum occurred at 
about 7 M H2O but it grew to 10 and 11 M H2O for .3 and .b M 
TEOS. At the maximum, the particle diameter increased from 705 
to 777 nm as the TEOS concentration increased from .17 M to .5 M.
The size dependence on the ammonia concentration is 
shown in Appendix C. For ammonia concentrations under 2 M, 
the particle diameter increased with increasing ammonia 
concentration. This was precisely what both Stober and Van 
Helden observed. Beyond 2 M NHs though, Stober observed that the 
diameter increased slowly as the NHs concentration grew at .28 M 
TEOS. This study indicates that the size did grow at .3 M TEOS 
but decreased with ammonia at the other TEOS concentrations. 
More tests must however be done to verify these trends.
The size trends with increasing TEOS concentration were 
found to depend heavily on water and ammonia concentrations 
(Appendix D). Thus, there was no overall maximum or minimum. At 
low water (2-3 M) and ammonia (.5-1 M) there was a small peak in 
size at about .17 M TEOS. As the water concentration increased 
though, this peak grew until (at 10-14 M H2O) the size increased 
over the entire TEOS concentration range. The size of the small 
peak increased from about 150 nm at .5 H NHs to 600 nm at 3 M 
NHs. This data supports the conclusions of both Stober and Van 
Helden. Stober stated that he observed no significant change in 
particle sise by increasing TEOS. This conclusion is verified by 
tne data presented here at low water and ammonia concentrations.
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Van Helden, however, reported that at .82 M NHa and 2.5 M H2O as 
the TEOS concentration increased, the particle size decreased. 
This is also observed in Figure 2 of Appendix D at TEOS 
concentrations above .17 M. The size dependence trends then were 
found to depend on the region of phase space that was 
investigated
Particle Morphology
Four types of disperse systems were observed from the 
photographs taken of the samples. The most common were the 
monodisperse systems. These systems are characterized by smooth, 
spherical particles with a small size standard deviation (Figure 
11). Other kinds of systems seen were polydisperse, bimodal, and 
flocculated dispersions (Figure 12). Polydisperse systems were 
seen exclusively in samples taken from solutions with low water 
concentrations (2-3 M) (Figure 13). These particles are uneven in 
shape and less uniform in size than the monodisperse particles. 
Bimodal dispersions were observed at .17 M and .5 M TEOS (Figure 
14). No such dispersions were seen at .3 M TEOS which supports 
Stober’s failure to observe this at .28 M TEOS. These dis­
persions of two clearly different size spherical particles 
were observed primarily at high ammonia concentrations (2-3 M) 
near the water concentration that gave the maximum average 
particle diameter. Finally, flocculated dispersions were seen at 
.5 M TEOS, 2-3 M NHs and 10-12 M H2O (Figure 15). Thus, 
monodisperse particles w^re most common at .3 M TOS. At .17 M
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TEOS, monodisperse particles were observed at medium to high 
water concentrations away from the diameter maximum. At .5 M 
TEOS though, the monodisperse particles were restricted to medium 
to high water and low ammonia concentration systems.
These observations led to two conclusions. First, there is 
a threshold water concentration that depends on the TOES 
concentration above which monodisperse particles form. Second, 
high ammonia concentrations affect the stability of the system 
at .17 M and .5 M TEOS. At .17 M TEOS, bimodality resulted, but 
at .5 M TEOS both flocculation and bimodality occurred.
Mass Fractions
Mass fractions of samples at .17 M and .3 M TEOS were taken 
to determine the percent of silica in each sample (Appendix E). 
The data varied only with the TEOS concentration. The data 
indicated an average mass fraction of 1.331.06% at .17 M TEOS and 
2.301.12% at .3 M TEOs. The ratio of these percents is 1.73 
which compares well to 1.76, the ratio of the TEOS concentrations 
(.3:.17 M). The variations in the readings differed from the 
average by a maximum of 11% which was within the experimental 
error due to weighing and drying.
Upon heating, the silica dried into several different forms 
depending apparently on the size of the particles. The smallest 
particles (0-50 nm) termed a clear silica film at the bottom of 
the flask. Particles in the range 50-500 nm formed a thin layer 
of irridescent silica "paint” on the side of the flask.
Occasionally, at the lower end of this size range the silica 
dried and formed thin clear fibers reaching away from the glass 
towards the center of the flask. At the largest sizes (500-800 
nm), a fine white, dusty powder was formed upon drying.
Temperature Effects
In addition to the tests at 25*C, the TEOS concentration was
varied between .1 and .35 M at 0 , 9 , 25 , 35 , 45 , and 55*C.
These tests were performed at 1 M NHa and 7 M H2O. Figure 16 
shows that the particle size decreased as the temperature 
increased. According to Figure 17, the particle sizes generally 
increased with increasing TEOS concentration with the largest 
increases occurring at low temperatures. It must be noted
though, that this applies only at 1 M NHa and 7 M H2O so this
cannot be generalized to other concentration regions. Also, at 
the highest four TEOS concentrations at 0 C and the highest two 
at 9#C, the particles were partially or totally flocculated 
(Figure 18). At all other temperatures the particles were 
monodisperse throughout the entire range of TEOS concentrations 
(Figure 19). This implies that temperature is an important 
factor in monodispersity.
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As a final goal in characterizing and describing this
system, a mathematical correlation was derived that predicts the 
data obtained at the three TEOS concentrations to within 20% of
the experimental values. This equation was derived in a trial
and error fashion. First, the mathematical form of the diameter 
versus water concent> ion plot was determined to be :
u w r , NT)
This form involves three constants whose dependence on the 
TEOS had to be determined. A value for N was guessed, two
experimental data points were selected far from each other and 
the constant B was evaluated. The value for A was then
calculated by choosing the water concentration at the maximum 
experimental diameter. This equation was then compared to the 
experimental data. Twelve such equations were derived; one at 
each of four ammonia concentrations at each TEOS concentration. 
These were compared. Since TEOS had a much greater effect on N 
and B than ammonia, these constants were assumed to be functions 
of TEOS alone in order to simplify the problem. The values 
obtained for the three TEOS concentrations were plotted versus 
TEOS concentration and a curve was fit to the points (Appendix 
F):
N s -3.5i ♦ Ni.ia [>»•*! -
8 * -»n.
The constant A depends on both TEOS and ammonia con* 
centrations. Each A value was plotted versus TEOS at constant
a m m o n i a  c o n c e n t r a t i o n  a n d  e a c h  o f  t h e s e  c u r v e s  w a s  f i t t e d  t o  a
quadratic requiring three additional constants that were 
functions ammonia alone.
A - « (D*«C + b)2 C ( *, b, c owwo •« »w«»0
Each a, b, and c was plotted versus ammonia concentration 
and a curve was found for each plot.
-b * - . 1 * CmmjH + . on j £>#sll*
C* 1J.01 SS.03 C»«jll - >1.48 CNMj3 1
Finally, a special factor was added in the denominator to 
lower the values at low water concentrations to make a more 
precise fit.
F a £ (i*C reoa)/
Thus, the final equation has the following form:
C i t o w a + o ^ O  [ X <0
» ♦ F  *  5 Ch,oD m
Its predicted results are plotted in figures 4-6.
Figures 20, 21, and 22 show that the equation satisfactorily 
predicts the data at .17, 3, and .5 M TEOS to within 20% of the
experimental value. The largest deviations occurred at the
sharpest peaks. This means the 2 M NHs curves have the 
deviations closest to 20%. Since the coefficients of B and N
change significantly over a short TEOS concentration range, 
predicting values for TEOS concentrations far from the three
T7.
examined may result in significant error, Thus, the behavior of 
the system at intermediate conc< rations must be determined
before the correlation can be universally applied.
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This study of the monodisperse silica particle system has 
led to the following conclusions.
1. A sharp maximum was observed as the water concentration 
was increased with the TEOS and ammonia concentrations held 
constant. This was observed by Stober.
2. As ammonia concentration was increased, it came to a 
smooth peak except at .3 M TEOS where it gradually increased. 
This supports Stober’s prediction of a slow rise in diameter 
with increasing ammonia at .28 H TEOS.
3. Both the predictions of Stober and Van Helden regarding 
changes in size with the TEOS concentration are suppported in 
specific regions of phase space. The conclusions of these two 
studies are shown here not to be universally true though.
4. In addition to monodisperse particles, polydisperse,
bimodal, and flocculated particles were observed. Polydisperse
particles were seen at low water concentrations. Bimodality
occurred around the maximum size point at high ammonia con** 
centrations. Flocculation occurred at high ammonia, TEOS, and 
water concentrations.
5. Mass fraction data showed that the fractions varied only 
with the TEOS concentration.
6. Drying of the silica resulted in several morphologies 
including clear glasses, "paint", fibers, and powders. Particle 
size determined the morphology.
7. Temperature studies showed that an increase in
t e m p e r a t u r e  r e s u l t e d  i n  a  d e c r e a s e d  p a r t i c l e  d i a m e t e r .
8. A correlation was derived that predicts the experimental 
results to within 20%. More tests must be done to insure that it 
is accurate at intermediate TEOS values.
RECQMMENBAT tQMS
in order to answer questions arising from this study and to 
further probe the silica system, much future work can be done.
1. Particles should be synthesized at higher ammonia con­
centrations in order to determine the effects on size in this 
concentration region.
2. Intermediate concentrations of TEOS should be used in 
future tests so the derived equation can be fully tested and 
adjusted as necessary.
3. Temperature effects should be reexamined at a variety of 
concentrations to see where the temperature dependence is 
strongest and if it affects flocculation and monodispersity.
4. The areas where bimodality occurred should be inves­
tigated to identify its cause.
6. The properties of the dried silica powders should be 
studied for possible commerical applications.
I would like to express thanks and appreciation to Dr. 
Charles Zukoski and Greg Bogush for their guidance throughout the 
project. I also wish to thank Jeanne Chang for helping in 
preparing this manuscript.
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